INTRODUCTION
============

Oncogenic mutations in *RAS* genes (*KRAS*, *NRAS*, and *HRAS*) are found in approximately 30% of human cancers, with the highest incidence in pancreatic (\~98%), colorectal (\~52%), and lung (\~32%) adenocarcinomas ([@R1], [@R2]). RAS proteins are small guanosine triphosphatases functioning as molecular switches on the cytosolic side of the plasma membrane by alternating between a guanosine triphosphate (GTP)--bound active (RAS·GTP) form and a guanosine diphosphate (GDP)--bound inactive (RAS·GDP) form ([@R2], [@R3]). The active RAS·GTP form adopts distinct conformations in the switch I and II regions from those of the inactive form to physically interact with many effector proteins, including RAF and phosphatidylinositol 3-kinase (PI3K), and to initiate downstream signaling ([@R1]--[@R3]). Oncogenic mutations of *RAS*, predominantly found at positions G12, G13, and Q61, fix the mutants in a constitutive "on" state due to a defect in cycling off to the resting RAS·GDP form; this situation causes persistent protein-protein interactions (PPIs) with effector proteins, thereby resulting in aberrant activation of RAS-effector signaling pathways that promote tumorigenesis and cancer cell survival and proliferation ([@R1]--[@R3]).

Thus, oncogenic RAS mutant (RAS^MUT^) proteins are appealing high-priority drug targets for anticancer therapy. However, agents directly targeting RAS^MUT^ are not yet clinically available, mainly because of a lack of suitable small-molecule--binding pockets on RAS surface and the intracellular location restricting conventional-antibody accessibility ([@R4]). Despite these challenges, diverse approaches were recently designed to directly target RAS^MUT^ ([@R5]), for example, small-molecule inhibitors ([@R6], [@R7]) and protein-based inhibitors ([@R8]--[@R10]). In particular, mutation-specific covalent small-molecule inhibitors that specifically target the KRAS^G12C^ subtype have shown in vivo antitumor activity and are now in clinical trials ([@R11], [@R12]), but they are limited to KRAS^G12C^-harboring cancers. As for protein-based inhibitors, they have limited practical applications owing to their inability to reach the cytosol of living cells.

Because RAS protein activates more than 11 downstream effector proteins with distinct downstream signaling through PPIs ([@R2], [@R3]), the most effective approach may be the blockade of the PPIs by targeting the highly conserved PPI interfaces, namely, the switch I/II regions, across various RAS^MUT^ subtypes to broadly cover numerous RAS^MUT^ proteins ([@R13]). Given that the PPIs are mediated by large and flat surface interfaces, biologics with a large surface area for interaction with targets may be effective pan-RAS inhibitors with high specificity and affinity ([@R14]). Our group recently reported such a pan-RAS--specific antibody, dubbed RT11-i, which, on its own, gains access to the cytosol after cellular internalization and then specifically binds to only the active RAS form by recognizing the activated switch I/II regions, thereby blocking RAS^MUT^--effector PPIs ([@R15]). This design of an antibody is termed iMab ([@R15]). RT11-i shows broad selectivity against the active form of the three RAS isoforms and their subtype mutants and thereby inhibits in vivo growth of tumors harboring various RAS^MUT^ subtypes by attenuating the downstream signaling, such as RAF--MEK \[mitogen-activated protein kinase (MAPK) kinase\]--ERK (extracellular signal--regulated kinase) and PI3K (phosphatidylinositol 3-kinase)--AKT cascades ([@R15]). Thus, RT11-i was categorized as a pan-RAS iMab. Furthermore, RT11-i synergistically increases the antitumor activity of gemcitabine by inhibiting KRAS^MUT^ downstream signaling in mouse models of orthotopic pancreatic cancer ([@R16]). Nonetheless, RT11-i needs to be further optimized for high potency and developability for practical clinical studies.

Here, we report engineering and characterization of a second-generation pan-RAS iMab, inRas37, with improved biophysical properties and a potent antitumor activity. We show that inRas37 as monotherapy has a substantial antitumor activity toward a subset of RAS^MUT^ cell lines and cell line--derived xenograft (CDX) mouse models but little efficacy against other RAS^MUT^ tumors with concurrent activating mutations in downstream and/or compensatory signaling pathways. We also present combination strategies to overcome the resistance to inRas37.

RESULTS
=======

Design and preparation of an active RAS-specific iMab, inRas37
--------------------------------------------------------------

The first-generation pan-RAS iMab RT11-i comprises three functional parts in human immunoglobulin G1 (IgG1) format ([@R15]): (i) an integrin ανβ3/ανβ5--targeting cyclic peptide (RGD10) fused to the N terminus of the light chain (LC) for tumor cell--specific cellular internalization via receptor-mediated endocytosis, (ii) an LC variable domain (VL) with the capacity for endosomal escape for cytosolic localization, and (iii) a heavy-chain variable domain (VH) with specific binding activity for the active form of RAS. The second-generation pan-RAS iMab, inRas37, was generated here by stepwise engineering of the three components and its Fc region ([Fig. 1A](#F1){ref-type="fig"}), as described in detail in fig. S1. We first replaced the VL of RT11-i with CT03 VL ([@R17]), which contains a \~3-fold more effective endosomal escape motif ^92^WYW^94^ (TrpL92-TyrL93-TrpL94, where L is the LC with Kabat numbering) in the third complementarity-determining region of VL (VL-CDR3) in comparison with the original ^92^YYH^94^ motif ([Fig. 1A](#F1){ref-type="fig"}) ([@R18]). Moreover, the CT03 VL has a modified VL-CDR1 sequence to abrogate the nonspecific binding of RT11-i VL to cell surface--expressed heparan sulfate proteoglycan (HSPG) ([@R17]). We also coevolved RT11 VH in tandem with CT03 VL for enhanced affinity for the active form of RAS by generating VH-CDR1-- and VH-CDR3--modified library based on the yeast surface display technology ([@R15]), thereby obtaining RT22 VH (fig. S2A). Given that epithelial cancer cells usually overexpress integrin αvβ5 rather than integrin αvβ3 \[overexpressed on tumor-associated endothelial cells ([@R19])\], the integrin ανβ3/ανβ5--targeting RGD10 cyclic peptide was engineered using phage display to increase affinity for integrin αvβ5, thus yielding the "in4" cyclic peptide (fig. S2B). Last, we introduced mutations L234A, L235A, and P329G (so-called LALAPG mutation) ([@R20]) into the Fc region to improve pharmacokinetics (PK) by minimizing Fcγ receptor--mediated clearance ([@R21]). The abovementioned engineered components were integrated into inRas37 in human IgG1 format ([Fig. 1A](#F1){ref-type="fig"}). As a control antibody, inCT37 was generated containing the same components as inRas37 except that inCT37 has the null VH of TMab4 without a RAS-binding activity (fig. S1) ([@R15], [@R22]).

![The engineered active RAS-specific iMab, inRas37, shows target cell--specific cytosol-penetrating activity with improved developability and endosomal escape.\
(**A**) Engineering procedures to develop a second-generation active RAS-specific iMab, inRas37. (**B** and **C**) Elution profiles of antibodies purified on a size exclusion Superdex (**B**) and hydrophobic Zenix (**C**) column, with monitoring at 280 nm. The arrows indicate the elution positions of molecular weight standards. (**D**) Evaluation of nonspecific binding of the indicated antibodies to four antigens \[double-stranded DNA (dsDNA), insulin, hemocyanin, and cardiolipin\], as determined by ELISAs. (**E**) Selective binding of inRas37 (100 nM) to the GppNHp-bound active form of the indicated RAS proteins in comparison with the inactive GDP-bound form, as determined by an ELISA. (**F**) Binding specificity of the indicated antibodies (each at 20 nM) to integrin αvβ3 and integrin αvβ5 expressed on the surface of the indicated human cancer cells (flow cytometry data). siRNA, small interfering RNA. (**G**) Cellular internalization and cytosolic localization of the indicated antibodies (green) in the cells treated with 1 μM antibody for 12 hours before microscopic confocal analysis. Scale bars, 20 μm. (**H**) Split-GFP complementation assay to determine cytosolic localization of GFP11-SBP2--fused antibodies in SW480-SA-GFP1--GFP10 cells after 6-hour treatment with 1 μM antibody. Right: Quantified amount of cytosolic antibodies. Scale bar, 20 μm.](aay2174-F1){#F1}

inRas37 has improved biophysical and biochemical properties
-----------------------------------------------------------

Both inRas37 and inCT37 were expressed predominantly in the correctly assembled monomeric form (≥97%) ([Fig. 1B](#F1){ref-type="fig"}) with purification yields of 70 ± 6 mg and 65 ± 7 mg, respectively, from 1 liter of culture of transiently transfected human embryonic kidney (HEK) 293F cells, much higher than 10 ± 2 mg for RT11-i. To assess colloidal stability, antibodies were analyzed by standup monolayer adsorption chromatography (SMAC) on a Zenix column, where the retention times are inversely related to their colloidal stability, with antibodies prone to precipitation or aggregation being retained longer on the column with broader peaks ([@R23]). While parental RT11-i was eluted with a broad asymmetric peak, inRas37 and inCT37 each yielded a sharp symmetrical peak with retention time close to that of a clinically approved antibody, trastuzumab (Herceptin) ([Fig. 1C](#F1){ref-type="fig"}). A multiantigen nonspecificity enzyme-linked immunosorbent assay (ELISA) using four antigens \[double-stranded DNA, insulin, hemocyanin, and cardiolipin; ([@R24])\] revealed that parental RT11-i substantially bound to all these antigens at a high concentration, but inRas37 and inCT37 did not, and neither did adalimumab (Humira) ([Fig. 1D](#F1){ref-type="fig"}), suggesting the absence of off-target specificity in inRas37 and inCT37. Together, these results meant that inRas37 was successfully engineered to have desirable developability characteristics.

When evaluated for RAS-binding specificity, RT22 VH--integrating inRas37 selectively bound only to the GppNHp (nonhydrolyzable GTP analog)--loaded active form of all three wild-type RAS (RAS^WT^) proteins and their various subtype mutants, with negligible binding to the inactive GDP-loaded form ([Fig. 1E](#F1){ref-type="fig"} and fig. S2C). inRas37 showed approximately twofold stronger affinity only for the active form of various RAS^MUT^ subtypes \[*K*~D~ (dissociation constant) ≈ 4 to 12 nM\] (table S1) than those of RT11-i ([@R15]). These results suggest that inRas37 maintains the binding epitopes of RT11-i, namely, the PPI interfaces of active RAS form ([@R15]), thereby retaining the pan-RAS specificity of RT11-i against only the active RAS forms, while showing greater binding affinity than that of RT11-i.

inRas37 reaches the cytosol of cells via better endosomal escape after integrin αvβ3/αvβ5--specific endocytosis
---------------------------------------------------------------------------------------------------------------

Specificity evaluation of in4 cyclic peptide--fused inRas37 and inCT37 revealed that they specifically bound to cell surface--expressed integrin ανβ3 and integrin ανβ5 ([Fig. 1F](#F1){ref-type="fig"}), thereby showing approximately twofold stronger affinity for integrin αvβ5 (*K*~D~ ≈ 3.1 to 4.1 nM) but more than twofold weaker affinity for integrin αvβ3 (*K*~D~ ≈ 1.1 to 4.3 nM) at pH 7.4, as compared with RGD10-fused RT11-i (fig. S2D and table S2). As for antibodies without an LC-fused integrin ανβ3/ανβ5--targeting peptide, the HSPG--cross-reactive parental RT11 got internalized ([@R15]), but Ras37 failed to get internalized into HSPG-expressing cells ([Fig. 1G](#F1){ref-type="fig"}), indicating that Ras37 does not undergo nonspecific cellular internalization. Our in4 peptide--fused inRas37/inCT37 reached the cytoplasmic space of the integrin αvβ5-- or integrin αvβ3--expressing cells but not integrin αvβ5/αvβ3--deficient cells ([Fig. 1G](#F1){ref-type="fig"}). These results indicated that the in4 peptide was successfully engineered to undergo integrin αvβ5/αvβ3--specific endocytosis with stronger affinity for integrin αvβ5 than that of RGD10.

After cellular internalization, inRas37 needs to be released from the cell surface receptors in the endosomal environment for the subsequent endosomal escape into the cytosol before the lysosomal degradation. The binding affinity values of inRas37 at pH 6.0 for integrin αvβ5 and integrin αvβ3 were \~13- to 20-fold lower than those at pH 7.4 (table S2 and fig. S2D), suggesting that the endosomal acidic pH environment facilitates the dissociation of inRas37 from the receptors for the subsequent endosomal escape ([@R25]). Next, when we quantified the endosomal escape efficiency of inRas37 in integrin αvβ5--expressing HeLa and SW480 cells ([@R26]), inRas37 showed \~3-fold higher endosomal escape efficiency (\~13 to 16%) than did RT11-i (\~4 to 6%) ([@R15]) at the initial extracellular concentration of 1 μM (table S3). Accordingly, although the cellular uptake efficiency (\~3.4 to 4.0%) of inRas37 was lower than that (\~4.1 to 5.9%) of HSPG--cross-reactive RT11-i, the enhanced endosomal escape efficiency led to \~2-fold higher cytosolic concentrations (\~255 to 531 nM) of inRas37 than those of RT11-i at the initial extracellular concentration of 1 μM (table S3). A split-GFP (green fluorescent protein) complementation assay with one GFP fragment--fused antibody in SW480 cells, which express the other GFP fragment in the cytosol ([@R15], [@R26]), confirmed the improved cytosolic localization of inRas37 and inCT37 over RT11-i ([Fig. 1H](#F1){ref-type="fig"}). The improved endosomal escape ability of inRas37 was ascribed to the newly grafted endosomal escape motif ^92^WYW^94^ in VL-CDR3, judging by the loss of the cytosol-penetrating ability of inRas37-AAA with a substitution of ^92^WYW^94^ with ^92^AAA^94^ ([Fig. 1H](#F1){ref-type="fig"} and fig. S1) ([@R17]). Together, these results suggested that inRas37 has greater cytosolic access due to the enhanced endosomal escape efficiency after integrin αvβ3/αvβ5--specific endocytosis.

inRas37 directly targets active RAS^MUT^ to block the PPIs with effector proteins
---------------------------------------------------------------------------------

To test whether cytosolic inRas37 can specifically recognize an endogenous active RAS form, we treated integrin ανβ5--expressing human colorectal cancer (CRC) SW480 (KRAS^G12V^) and LoVo (KRAS^G13D^) cells with inRas37 under normal culture conditions. inRas37 colocalized with KRAS^G12V^ or KRAS^G13D^ on the cytosolic side of the plasma membrane ([Fig. 2A](#F2){ref-type="fig"}). However, in RAS^WT^-harboring CRC HT29 cells, inRas37 accessed the cytosol but did not colocalize with RAS^WT^ proteins, in agreement with the observation that RAS^WT^ normally resides in the inactive state during quiescence ([@R15], [@R27]). The control inCT37 reached the cytosol of cells but did not colocalize with KRAS^MUT^. Although the endosomal escape motif--deficient inRas37-AAA retained the VH-mediated binding activity toward active RAS (fig. S2E), it failed to show the colocalization with KRAS^MUT^ while being entrapped in the endosomes, judging by a mainly punctate fluorescence staining pattern ([Fig. 2A](#F2){ref-type="fig"}).

![inRas37 exerts a potent antiproliferative action on KRAS^MUT^ cell lines by inhibiting KRAS^MUT^ downstream signaling.\
(**A**) Cellular internalization and colocalization of the indicated antibodies (green) with activated RAS (red) in SW480, LoVo, and HT29 cells treated with 1 μM antibody for 12 hours before microscopic confocal analysis. The arrow indicates the colocalization of inRas37 with activated RAS. Scale bars, 5 μm. (**B**) Cytoplasmic distribution of the eGFP-cRAF~RBD~ protein (green) in eGFP-cRAF~RBD~--transformed SW480 cells treated with 1 μM antibody for 12 hours before microscopic confocal analysis. Scale bar, 20 μm. (**C**) Immunoprecipitation (IP) of active KRAS^G12V^ with cRAF~RBD~ from endosome-depleted cell lysates of SW480 cells following treatment with the indicated antibodies at the indicated concentrations for 12 hours. The Rab5 protein was analyzed as an early endosome marker. The number below the panel indicates a percentage of target engagement. (**D**) Viability of RAS^WT^ and various KRAS^MUT^ cell lines after treatment every other day (days 0, 2, and 4) with the indicated antibodies at the indicated concentrations for 6 days in three-dimensional spheroid cultures. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001 versus the RT11-i--treated group. Bottom: IC~50~ values for RT11-i and inRas37 toward each cell line. The IC~50~ ratio was calculated as the IC~50~ of RT11-i divided by the IC~50~ of inRas37 for each cell line. (**E** and **F**) Representative images (E) and pooled densitometry data (F) of Western blots for SW480 and LoVo cells treated with the indicated antibodies, MEK1/2 inhibitor trametinib, or PI3K-AKT inhibitor LY294002 for 12 hours and then stimulated with EGF (10 ng/ml) for 10 min before cell lysis. The relative band intensity of the phosphorylated proteins toward that of respective total protein was expressed as a percentage of that in the buffer control. The number below the panel indicates the mean (E), and error bars represent means ± SD (F) of at least three independent experiments. \*\*\**P* \< 0.001 for each group versus EGF-stimulated vehicle-treated control; ^\#^*P* \< 0.05 and ^\#\#^*P* \< 0.01 for inRas37 versus RT11-i at each equivalent concentration in each sample (unpaired two-tailed Student's *t* test).](aay2174-F2){#F2}

We next investigated whether inRas37 can compete with effector proteins for binding to an active RAS form by analyzing the subcellular localization of enhanced GFP--fused cRAF RAS--binding domain (cRAF~RBD~) (eGFP-cRAF~RBD~) in eGFP-cRAF~RBD~--transformed KRAS^G12V^ SW480 cells ([@R15]). inRas37, but neither inRas37-AAA nor inCT37, displaced eGFP-cRAF~RBD~ from the inner plasma membrane to the cytosol ([Fig. 2B](#F2){ref-type="fig"}), proving that inRas37 orthosterically blocks PPIs between active KRAS^MUT^ and effector proteins after cytosolic penetration. To quantify target occupancy of inRas37, SW480 cells pretreated with various concentrations of inRas37 were subjected to immunoprecipitation (IP) of cRAF~RBD~ to selectively pull down the active KRAS^G12V^ form. In this assay, the coimmunoprecipitated amount of active KRAS^G12V^ was expected to be reduced in proportion to the extent of preexisting shielding of the PPI interfaces of active KRAS^G12V^ by inRas37 from cRAF~RBD~ binding. The target engagement of inRas37 was estimated in percentage in comparison with the total precipitated amount of the active KRAS^G12V^ form in inCT37-treated cells. inRas37 noticeably engaged KRAS^G12V^ with 18, 72, and 84% target engagement at 0.5, 2, and 5 μM, respectively ([Fig. 2C](#F2){ref-type="fig"}), revealing dose-dependent target engagement of inRas37.

inRas37 has an improved antitumor activity toward RAS^MUT^ cell lines
---------------------------------------------------------------------

The in vitro antiproliferative activities of antibodies for KRAS^MUT^ cell lines were examined under spheroid culture conditions ([@R11], [@R15]). Compared with the control antibodies inCT37 and inRas37-AAA, inRas37 significantly inhibited the viability of all KRAS^MUT^ cells in a dose-dependent manner, showing activities superior to those of RT11-i but a negligible impact on RAS^WT^ cells ([Fig. 2D](#F2){ref-type="fig"}). Judging by the IC~50~ values (the concentrations causing 50% inhibition of cell viability), inRas37 manifested \~1.6- to 3.5-fold better potency relative to RT11-i, with the potency varying depending on the KRAS^MUT^ cell lines ([Fig. 2D](#F2){ref-type="fig"}). We next compared the in vivo antitumor efficacy between RT11-i and inRas37 through intravenous injection twice a week at a dose of 20 mg/kg (mpk) for a total of five doses in athymic nude mice harboring preestablished LoVo (KRAS^G13D^) tumor xenografts. Compared to the inCT37-treated control, inRas37 markedly delayed the tumor growth and showed tumor growth inhibition (TGI; at the end of treatments) of \~75%, notably higher than that (\~45%) of RT11-i (fig. S3A), thus manifesting the improved antitumor potency. Treatment with inRas37 did not cause noticeable adverse effects in mice, judging by no significant differences in mouse body weight during treatment and the absence of abnormal histological features of the liver in the mice after the treatment as compared to those of vehicle-treated mice (fig. S3, B to D).

On the basis of the RAS^MUT^--effector PPI--blocking activity of inRas37, we compared the effects on the representative RAS downstream signaling cascades, MAPK (RAF-MEK-ERK) and PI3K \[PI3K-AKT-mTOR (mammalian target of rapamycin) (p70S6K)\], between inRas37 and RT11-i at three concentrations in KRAS^G12V^ SW480 and KRAS^G13D^ LoVo cells. Although the MEK1/2 inhibitor trametinib and PI3K inhibitor LY294002 attenuated the targeted signaling, inRas37 and RT11-i inhibited both the MAPK and PI3K pathways, as evidenced by a dose-dependent inhibitory action on growth factor--stimulated formation of phosphorylated MEK1/2, ERK1/2, AKT, and p70S6K (abbreviated as p-MEK1/2, p-ERK1/2, p-AKT, and p-p70S6K, respectively) in the two cell lines ([Fig. 2, E and F](#F2){ref-type="fig"}). Treatment with 1 and 5 μM inRas37 exerted a more potent inhibitory action on the RAS downstream signaling than RT11-i did, judging by the determined mean value of band intensity at each equivalent concentration ([Fig. 2E](#F2){ref-type="fig"}), although significant differences were not observed for all the concentrations ([Fig. 2F](#F2){ref-type="fig"}). The dose-dependent downstream inhibitory activity of inRas37 is in line with the dose-dependent target engagement ([Fig. 2C](#F2){ref-type="fig"}). Together, these data indicated that pan-RAS inRas37 inhibits the proliferation of KRAS^MUT^ cell lines by suppressing the downstream signaling via competitive blocking of KRAS^MUT^−effector PPIs; the more efficient PPI inhibition elicited more potent inhibition of downstream signaling, thereby resulting in better growth inhibition.

Systemic administration of inRas37 reveals favorable PK and preferential tumor accumulation
-------------------------------------------------------------------------------------------

To evaluate the impact of the LALAPG mutation and in4 peptide fusion on plasma PK profiles, the antibodies inRas37 (with LALAPG), inRas07 (without LALAPG), inCT37 (with LALAPG), and Ras37 (with LALAPG, but without in4 peptide fusion; fig. S1) were each intravenously administered at a single dose of 20 mpk to BALB/c athymic nude mice without tumor or with preestablished integrin αvβ5--expressing LoVo tumor xenografts, and then the serum concentrations were measured during a 1-week period. All the antibodies showed the typical biphasic clearance profiles in terms of serum concentration ([Fig. 3A](#F3){ref-type="fig"}). Analysis of PK parameters via the two-compartment model revealed that the terminal serum half-life (*T*~1/2~β) of inRas37 was 91.2 ± 8.9 hours and 59.8 ± 2.9 hours for the non--tumor- and tumor-bearing mice, respectively; the corresponding values of Ras37 without integrin αvβ5--targeting cyclic peptide fusion were 90.2 ± 3.7 hours and 86.3 ± 3.5 hours, respectively ([Fig. 3A](#F3){ref-type="fig"}). The much faster clearance of inRas37, but not Ras37, in the tumor-bearing mice than that in the non--tumor-bearing mice was also noted for inRas07 and inCT37, suggesting the presence of a target-mediated elimination of the integrin αvβ5--targeting antibodies, as reported for other tumor-targeting antibodies ([@R28]). Of note, LALAPG-harboring antibodies (inRas37 and inCT37) had longer *T*~1/2~β than inRas07 did ([Fig. 3A](#F3){ref-type="fig"}), meaning that the LALAPG mutation extends serum half-life, most likely owing to minimization of in vivo depletion by Fcγ receptor--expressing immune cells ([@R21]).

![inRas37 has favorable PK and undergoes preferential tumor accumulation.\
(**A**) Serum concentration--time profiles of the indicated antibodies following a single intravenous injection at 20 mpk into BALB/c nude mice without tumor (left) or with preestablished LoVo tumor xenografts (initial tumor volume = 120 mm^3^) (right). Error bars, ±SD (*n* = 3 per time point). The solid curves represent the fit of a two-compartment PK model to the data to estimate PK parameters: the initial rapid clearance phase (*T*~1/2~α) and the latter terminal serum clearance phase (*T*~1/2~β), as depicted in the inset table. (**B**) In vivo tumor-targeting ability of the indicated antibodies, evaluated by intravenous injection of DyLight 755--labeled antibodies (20 μg per mouse) into LoVo (top), Raji, or both LoVo (left flank) and Raji (right flank) tumor xenograft--bearing mice (bottom). Representative images are shown, which were acquired at the indicated time points after injection. Fluorescence intensities in the tumor tissue (T), as indicated by arrows, and normal tissues (N) were quantified by radiant efficiency. (**C**) Ex vivo analysis of fluorescence intensities quantified by radiant efficiency for excised tumors and normal organs 72 hours after intravenous injection of DyLight 755--labeled antibodies. Tumor tissue and normal organs of one representative mouse from each group are shown. In (B) and (C), error bars represent means ± SD (*n* = 4 per group).](aay2174-F3){#F3}

To determine in vivo targeting specificity of the in4 peptide--fused antibodies, we performed a biodistribution assay with DyLight 755--labeled antibodies in BALB/c athymic nude mice bearing integrin αvβ5--expressing LoVo CDXs or integrin αvβ5--negative Raji CDXs. Compared with Ras37 (without in4 peptide fusion), inRas37 and inCT37 manifested preferential accumulation in LoVo tumors, but not in Raji tumors, as compared to the normal tissues during several days ([Fig. 3, B and C](#F3){ref-type="fig"}). In mice bearing both LoVo tumors in the left thigh and Raji tumors in the right thigh, inRas37 showed \~3-fold higher accumulation only in a LoVo tumor (not in Raji tumors; [Fig. 3, B and C](#F3){ref-type="fig"}). These results validated the in vivo targeting specificity of in4-fused inRas37 and inCT37 antibodies to the integrin αvβ5--expressing tumor tissues.

inRas37 has dose-dependent in vivo antitumor activity with correlations between systemic exposure and target inhibition
-----------------------------------------------------------------------------------------------------------------------

To investigate dose-dependent in vivo antitumor efficacy of inRas37 and its relations with PK and pharmacodynamics (PD), inRas37 was intravenously administered twice a week at three doses (5, 10, or 20 mpk) for a total of five doses into mice bearing a preestablished KRAS^G12V^ SW480 CDX ([Fig. 4A](#F4){ref-type="fig"}). Antibody administration was nontoxic at all doses according to mouse body weight measurement (fig. S4A). inRas37 noticeably inhibited the tumor growth in a dose-dependent manner with TGI of 16, 55, and 78% at 5, 10 and 20 mpk, respectively, as compared with 20-mpk inCT37-treated controls ([Fig. 4B](#F4){ref-type="fig"} and fig. S4, B and C). Serum concentration--time profiles of inRas37 revealed antibody accumulation in proportion to the injected dose and frequency ([Fig. 4C](#F4){ref-type="fig"}), indicating the dose-proportional plasma PK properties. Western blotting analysis for sampled xenograft explants uncovered a dose-dependent inhibitory activity of inRas37 toward RAS downstream signaling with 10 to 47% down-regulation of p-ERK1/2 and p-AKT at the 5-mpk dose of inRas37 throughout the treatment but maintained almost complete inhibition (\>90%) starting from as early as day 3 after 10- and 20-mpk dosing of inRas37 as compared with vehicle-treated controls ([Fig. 4D](#F4){ref-type="fig"}). However, the substantial suppressive effect of the 10- and 20-mpk dosing on the phosphorylation of ERK1/2 and AKT diminished along with tumor growth after day 10 onward, despite the gradual antibody accumulation in serum, probably because of poor tumor tissue penetration of inRas37 in relatively larger tumors ([@R29]).

![In vivo antitumor activity of inRas37 correlates with the serum concentrations and target inhibition in the KRAS^G12V^ SW480 CDX mouse model.\
(**A**) Schematic of dosing and PK and PD assessment of inRas37 in KRAS^G12V^ SW480 CDX-bearing BALB/c nude mice. s.c., subcutaneous. (**B**) Tumor growth curves in response to intravenous injection of the indicated antibodies at the indicated dose twice a week (arrowheads) for a total of five doses (*n* = 6 per group). \**P* \< 0.05 and \*\*\**P* \< 0.001 versus inCT37; n.s., not significant. (**C** and **D**) Serum concentrations of the indicated antibodies (C) and percentage inhibition of p-ERK1/2 (left) and p-AKT (right) formation in tumor tissue lysates (D), as determined before antibody dosing on days 3 and 10 and at the end of treatment on day 17 (*n* = 3 per group on days 3 and 10 and *n* = 6 per group on day 17). (**E** and **F**) Plot of serum concentrations of inRas37 versus tumor volume (E) and versus percentage down-regulation of p-ERK1/2 (left) and p-AKT (right) (F) on day 17 (*n* = 6 per group). (**G**) Plot of tumor volume versus percentage down-regulation of p-ERK1/2 (left) and p-AKT (right) on day 17 (*n* = 6 per group). In (E) to (G), solid curves indicate the fit to the data via a four-parameter logistic equation.](aay2174-F4){#F4}

For the exploratory analysis of the PK-PD relation for inRas37, the serum concentrations of inRas37 were plotted against either tumor volume or down-regulation of p-ERK1/2 and p-AKT as PD markers, all of which were determined at the end of treatment (day 17). The serum concentrations of inRas37 were inversely correlated with tumor volume ([Fig. 4E](#F4){ref-type="fig"}) but well correlated with PD effects (down-regulation of p-ERK1/2 and p-AKT; [Fig. 4F](#F4){ref-type="fig"} and fig. S4D). To achieve 80% TGI, we estimated the required serum concentration of inRas37 to be 22 μg/ml (146 nM; [Fig. 4E](#F4){ref-type="fig"}). This inRas37 serum concentration (146 nM) corresponded to that achieving inhibition of p-ERK1/2 and p-AKT by 69 and 86%, respectively ([Fig. 4F](#F4){ref-type="fig"}). These values roughly matched the observed 75 and 87% down-regulation of p-ERK1/2 and p-AKT, respectively, necessary for 80% TGI ([Fig. 4G](#F4){ref-type="fig"}) ([@R30]). These results indicated a direct correlation between the serum concentrations of inRas37 and its PD effects, as well as TGI activity, suggesting that the in vivo antitumor activity of inRas37 was mediated by inhibition of KRAS^MUT^ signaling in the SW480 CDX mouse model.

In vitro profiles of sensitivity of RAS^MUT^ cancer cells to inRas37
--------------------------------------------------------------------

Some reports about RNA interference (RNAi)--based knockdown approaches indicate that RAS^MUT^ tumors show heterogeneous dependence of cell survival on RAS^MUT^ expression, classifying RAS^MUT^ cells into RAS dependent (i.e., RAS addicted) and RAS independent ([@R27], [@R31], [@R32]). Using inRas37 as a pharmacological tool, we next sought to profile the responses to inRas37 (2 μM) in spheroid culture of 36 cell lines harboring various RAS^MUT^ subtypes and 8 cell lines with RAS^WT^ from mainly CRC and non--small cell lung cancer (NSCLC) (table S4). Most cell lines were found to express integrin αvβ5 and/or integrin αvβ3 on the cell surface (fig. S5) ([@R19]). Again, inRas37 did not show significant cytotoxicity toward RAS^WT^ cells ([Fig. 5A](#F5){ref-type="fig"}). However, RAS^MUT^ cells manifested varying responses, with a subset of cells showing high sensitivity to inRas37 and other cells putting up moderate to high resistance to inRas37 ([Fig. 5A](#F5){ref-type="fig"}). The percentages of cell viability in the presence of inRas37 were roughly correlated with each *RAS* gene dependence score (ATARiS) from the Project DRIVE RNAi screen ([Fig. 5B](#F5){ref-type="fig"}) ([@R27]). These data suggested that blocking PPIs of RAS^MUT^ at the protein level by inRas37 elicits effects similar to those mediated by a RAS^MUT^ knockdown. The varying responses were not correlated with particular RAS^MUT^ subtypes or the expression levels of integrin αvβ5 and/or integrin αvβ3 on the cell surface (fig. S5), suggesting that the differential sensitivity of RAS^MUT^ cells to inRas37 reflected different dependences of cellular proliferation on RAS^MUT^ signaling in each cellular context. In keeping with this rationale, we categorized RAS^MUT^ cells into two groups: inRas37-sensitive cells (\<65% cell viability) and inRas37-resistant cells (\>65% cell viability) according to the threshold of 65% cell viability after inRas37 treatment ([Fig. 5A](#F5){ref-type="fig"}).

![In vitro responses of various RAS^MUT^ cell lines to inRas37 correlate with the in vivo responses.\
(**A**) Viability of various RAS^MUT^ and RAS^WT^ cell lines after treatment every other day (days 0, 2, and 4) with inRas37 (2 μM) for 6 days as compared with buffer-treated control (*n* = 3). Bottom: Mutation status of *RAS* genes in the cells. RAS^MUT^ cells are colored according to the inRas37 sensitivity threshold at 65% cell viability. (**B**) Cell viability under the action of inRas37 treatment plotted versus KRAS, NRAS, or HRAS dependence scores (ATARiS) from Project DRIVE. Statistical analysis was performed using linear regression to determine *r*^2^ and *P* values. (**C**) Tumor growth curves in response to intravenous injection of the indicated antibodies at 20 mpk twice a week (arrowheads) into BALB/c nude mice harboring the indicated tumor xenografts. Error bars, ±SD (*n* = 6 per group, except for LoVo, *n* = 7 per group). \*\*\**P* \< 0.001 versus the inCT37 group. (**D**) IHC analysis of the indicated antibodies (green), with activated RAS (red) in KRAS^MUT^ LoVo and SW403 tumor tissues prepared 24 hours after the last treatment. The arrows indicate the colocalization of inRas37 with activated RAS. Scale bars, 10 μm. (**E**) IHC analysis of p-ERK1/2 (green), p-AKT (green), and Ki-67 (red) and TUNEL (green) staining levels in LoVo- and SW403-derived tumor tissues, as shown in fig. S6B. The panels show the percentage of relative fluorescence intensity compared to that in the vehicle-treated control and the percentage of Ki-67--positive and TUNEL-positive cells compared to the number of Hoechst 33342--stained cells in each sample. Error bars represent means ± SD of five random visual fields for each sample (two tumors per group). \*\*\**P* \< 0.001. (**F**) Western blot analysis of the indicated proteins in LoVo and SW403 tumor tissue lysates. In (D) to (F), tumor tissues were excised from mice 24 hours after the last treatment, as shown in (C).](aay2174-F5){#F5}

In vivo antitumor activity of inRas37 in a mouse CDX model
----------------------------------------------------------

To validate the in vitro sensitivity as an in vivo response, we assessed antitumor efficacy of inRas37 in athymic nude mice bearing preestablished inRas37-sensitive (LoVo, H747, SW1116, and LS513), inRas37-resistant (SW403 and HCT116), and RAS^WT^ (Colo320DM) colorectal CDX tumors. Compared with inCT37 or vehicle control, inRas37 substantially inhibited the in vivo tumor growth with \~54 to 81% TGI for inRas37-sensitive CDXs but did not for inRas37-resistant CDXs ([Fig. 5C](#F5){ref-type="fig"} and fig. S6, A and B). However, inRas37-AAA did not exert any antitumor action even on inRas37-sensitive LoVo CDXs, confirming the necessity of endosomal escape of inRas37 for the blockade of cytosolic RAS^MUT^. In the case of RAS^WT^ Colo320DM CDX, inRas37 did not show any significant antitumor activity. Accordingly, the in vivo responsiveness of KRAS^MUT^ CDXs to inRas37 correlated well with the in vitro observations.

Immunohistochemical (IHC) examination of excised tumor tissues at the end of treatment showed colocalization of inRas37 with KRAS^MUT^ at the inner plasma membrane of tumor cells, whereas inCT37 was observed only in the cytoplasmic regions without colocalization with KRAS^MUT^ ([Fig. 5D](#F5){ref-type="fig"} and fig. S7A). This result revealed in vivo KRAS^MUT^ target occupancy of inRas37 inside the cytosol of tumor cells after systemic administration. Compared to inCT37- and inRas37-AAA--treated tumors, inRas37-treated tumors featured significantly lower levels of p-ERK1/2 and p-AKT and decreased staining for the cell proliferation marker Ki-67, as well as increased apoptosis as measured by terminal deoxynucleotidyl transferase--mediated deoxyuridine triphosphate nick end labeling (TUNEL) staining for inRas37-sensitive tumors ([Fig. 5, E and F](#F5){ref-type="fig"}, and fig. S7, B to D). However, inRas37-resistant SW403 and HCT116 tumors with *PIK3CA* mutation (PI3K^MUT^) showed a substantial decrease in p-ERK1/2 amounts but marginal down-regulation of p-AKT ([Fig. 5, E and F](#F5){ref-type="fig"}, and fig. S7, B to D), suggesting that PI3K^MUT^-driven downstream activation contributes to the resistance to inRas37.

Activating mutations of PI3K or β-catenin mediate intrinsic resistance to inRas37
---------------------------------------------------------------------------------

To gain insight into the molecular mechanism(s) underlying the differences in sensitivity of RAS^MUT^ cell lines to inRas37, we retrieved the genetic background of all the tested cell lines from databases Cancer Cell Line Encyclopedia (CCLE) and Catalogue of Somatic Mutations in Cancer (COSMIC) ([@R33], [@R34]), with a focus on genes associated with RAS downstream compensatory and parallel pathways, which can potentially nullify effects of RAS^MUT^ blockade. Consistent with their CRC and NSCLC origins, almost all RAS^MUT^ cell lines harbored alterations in other genes such as *APC* and *TP53* (table S4). We found that among the gene mutations examined, gain-of-function activating mutations mainly in *PIK3CA* (PI3K) and/or, to a lesser extent, in *CTNNB1* (β-catenin) were present in most inRas37-resistant RAS^MUT^ cell lines (table S4).

To identify pharmacological combinations that overcome the primary resistance to inRas37, we chose five targeted pharmacological inhibitors. They are either clinically approved or in clinical trials and have shown synergistic antitumor effects on KRAS^MUT^ tumors---when combined with inhibitors of MEK or RAF (downstream of RAS), such as a PI3K inhibitor (copanlisib) ([@R35]), a β-catenin inhibitor (iCRT14) ([@R36]), an epidermal growth factor (EGF) receptor (EGFR)/ErbB2 dual inhibitor (afatinib) ([@R37]), a fibroblast growth factor receptor 1 (FGFR1) inhibitor (ponatinib) ([@R38]), and a Yes-associated protein 1 (YAP1) inhibitor (verteporfin) ([@R39]). We measured each combinatorial effect on the viability of six KRAS^MUT^ CRC cell lines (three inRas37-sensitive and three inRas37-resistant cell lines) in spheroid culture. We calculated the combination index (CI) for each combination based on IC~50~ values ([@R40]). We regarded a CI below 0.75 as synergistic, between 0.75 and 1.25 as additive, and above 1.25 as antagonistic.

Combined treatment with inRas37 and the PI3K inhibitor (inRas37 + PI3Ki) showed substantial synergy in inRas37-resistant cells with concomitant *PIK3CA* mutation (PI3K^MUT^) compared with the inCT37 + PI3Ki combination, but not in inRas37-sensitive cells with wild-type *PIK3CA* (PI3K^WT^) ([Fig. 6, A and B](#F6){ref-type="fig"}, and fig. S8A). Likewise, a combination of inRas37 with the β-catenin inhibitor exerted synergistic effects only on the HCT116 cell lines with both PI3K^MUT^ and β-catenin^MUT^. The other combinations showed only additive effects on the inRas37-resistant cells examined ([Fig. 6A](#F6){ref-type="fig"}). When evaluated in mouse CDX models by means of the Bliss independence model ([@R41]), consistent with the in vitro results, the combination of inRas37 and PI3Ki synergized to inhibit the in vivo growth of PI3K^MUT^-carrying inRas37-resistant CDXs, but not PI3K^WT^ inRas37-sensitive CDXs, when compared with either single agent alone ([Fig. 6, C and D](#F6){ref-type="fig"}). Notably, the combination inRas37 + PI3Ki had a more pronounced effect only on PI3K^MUT^-carrying SW403 tumors with \~104% TGI in comparison with PI3K^MUT^/β-catenin^MUT^ double mutant HCT116 tumors (\~83% TGI). These findings suggested that β-catenin^MUT^ signaling contributes to the residual growth of HCT116 tumors during KRAS^MUT^/PI3K^MUT^ blocking. Western blotting of the combination-treated tumors uncovered a decrease in both p-ERK and p-AKT amounts in KRAS^MUT^/PI3K^MUT^ double mutant CDXs, as compared with those treated by either agent alone ([Fig. 6E](#F6){ref-type="fig"}). A lack of significant differences in body weight between drug-treated groups meant negligible systemic toxicity of the combination therapy (fig. S8B). These results indicated that constitutive activation of PI3K^MUT^ and/or β-catenin^MUT^ is associated with the primary resistance to KRAS^MUT^ blockade by inRas37, but this resistance can be circumvented by the combination of inRas37 with a pharmacological inhibitor of the druggable mutant.

![Combination treatment identifies synergistic drug targets for inRas37 and some pharmacological inhibitors in RAS^MUT^ cell lines.\
(**A**) Dose-response effects of combined treatment with inRas37 and one of the five pharmacological inhibitors ("i" in the label) on the viability of KRAS^MUT^ cell lines after combined treatment every other day (days 0, 2, and 4) at the indicated concentrations for 6 days in three-dimensional spheroid cultures. Heat maps show percentages of cell viability relative to a buffer-treated control (*n* = 3). (**B**) CI at IC~50~ for the combined treatment shown in (A), analyzed in the CompuSyn software. CI \< 0.75 means a synergistic effect, 0.75 ≤ CI ≤ 1.25 denotes an additive effect, and CI \> 1.25 means an antagonistic effect. (**C**) Tumor growth curves in response to the indicated treatments of BALB/c nude mice harboring the indicated tumor xenografts. The arrowheads indicate twice a week intravenous injection of the antibody and COP (PI3Ki copanlisib; top) or intraperitoneal injection of VP (YAP1i verteporfin; bottom) or the combined treatments at the indicated doses. Error bars indicate means ± SD (*n* = 6 per group). \*\*\**P* \< 0.001 versus group "inCT37 + COP" or "inCT37 + VP." (**D**) Percentage of observed TGI and expected additive TGI, calculated via the Bliss independence model. The observed TGI by combination treatment that was higher than the expected additive TGI was considered synergistic. (**E**) Western blot analysis of the indicated proteins in SW480-, LS513-, HCT116-, and SW403-derived tumor tissues excised from mice 24 hours after the last treatment, as shown in (C).](aay2174-F6){#F6}

A combination of inRas37 with the YAP1 inhibitor shows synergy in KRAS^MUT^-dependent tumors
--------------------------------------------------------------------------------------------

Of note, we found that the combination of inRas37 at a low dose of 5 mpk with the YAP1 inhibitor (YAP1i) synergized only in the inRas37-sensitive CRC cells, almost completely suppressing the in vivo tumor growth (\~104 and \~101% TGI for LS513 and SW480 cells, respectively), but not the growth of inRas37-resistant tumors ([Fig. 6, A to D](#F6){ref-type="fig"}). In contrast to inCT37- and vehicle-treated controls, inRas37 as monotherapy up-regulated the YAP1 protein in the inRas37-sensitive cells, but not in the inRas37-resistant cells, both in vitro and in vivo ([Fig. 6E](#F6){ref-type="fig"} and fig. S8C). However, the combination inRas37 + YAP1i abrogated the overexpression of YAP1. These results suggested that YAP1 overexpression is an adaptive bypass signal transduction counteracting the KRAS^MUT^-blocking effect of inRas37 in the tumors ([@R42], [@R43]). Because YAP1 activates transcription factor FOS to induce tumor survival in the absence of KRAS signaling in colon and lung cancer ([@R43]), we examined the FOS activation by monitoring the phosphorylation of FOS. Combined treatment inRas37 + YAP1i, but not each single agent, abrogated the phosphorylation of FOS in inRas37-sensitive cells and in CDX tumor tissues ([Fig. 6E](#F6){ref-type="fig"} and fig. S8C). As for inRas37-resistant tumors, inRas37 alone was enough to suppress the phosphorylation of FOS, indicating that FOS is activated by YAP1 up-regulation upon KRAS^MUT^ blockage only in KRAS^MUT^-dependent tumors ([@R43]). These results suggested that combination therapy inRas37 + YAP1i can synergize the antitumor therapeutic effects on KRAS^MUT^-dependent CRC tumors.

DISCUSSION
----------

Oncogenic RAS^MUT^ signaling is mediated by PPIs through the highly conserved switch I/II interfaces, with many effector proteins eliciting distinct downstream signaling. Therefore, blocking PPIs of RAS^MUT^ with effectors as far upstream as possible may offer a more effective therapeutic strategy in comparison with separate inhibition of individual downstream targets. In this study, we engineered a target cell-- or tissue-specific cytosol-penetrating RAS^MUT^--effector PPI blocking pan-RAS iMab, called inRas37, with improved antitumor potency and developability for practical clinical studies. The engineered inRas37 showed suitable biophysical and biological properties for high expression in cultured mammalian cells, tumor-specific cellular internalization through integrin αvβ3/αvβ5--mediated endocytosis, followed by efficient delivery to the cytosol with a good endosomal escape ability for RAS^MUT^ target engagement. inRas37 selectively recognized the active RAS form, but not the inactive form, regardless of RAS^MUT^ isoforms and subtypes examined, and thereby orthosterically blocked the PPIs of RAS^MUT^ with effector proteins. This PPI blockade by inRas37 led to inhibition of RAS^MUT^ downstream signaling and consequent suppression of in vitro and in vivo growth of a subset of cancer cell lines harboring various oncogenic RAS^MUT^ proteins.

For targeting a cytosolic protein by the iMab technology, the most challenging task is to achieve sufficient cytosolic access necessary to inactivate the target. inRas37 with an engineered CT03 VL with a strong endosomal escape motif reached the cytosol of cells in proportion to the extracellular concentrations (table S3), resulting in \~72 and \~84% RAS^MUT^ target engagement after treatment with 2 and 5 μM inRas37, respectively, in KRAS^G12V^ SW480 cells ([Fig. 2C](#F2){ref-type="fig"}). Assuming that the total membrane-anchored concentrations of active RAS^MUT^ were 0.4 to 1.6 μM in a cell ([@R44]), the high target engagement efficiency indicated that most of the cytosolically localized inRas37 with two arms for target binding engages RAS^MUT^ at one-to-two (bivalent) stoichiometry. The bivalent IgG format of inRas37 with single-digit nanomolar affinity seems to contribute to high target engagement efficiency because of the avidity effect, which also explains the strong blocking activity of inRas37 toward PPIs between RAS and effector proteins, including RAF and PI3K with double-digit nanomolar-to-micromolar affinity for active RAS ([@R15]). Several recent studies proved that RAS^MUT^ may function as a dimer or a high-order oligomer at the inner plasma membrane for the activation of its effectors, and the dimerization is critical for the oncogenic signaling through both RAF-MAPK and PI3K-AKT pathways ([@R45], [@R46]). This finding further supports the importance of bivalent engagement of RAS^MUT^ for a blocking agent such as inRas37. The absence of bivalence in RAS^MUT^-targeting proteins may explain the negligible anti-RAS activity ([@R9]).

Because there are more than 130 different missense mutations in the *RAS* oncogene in various cancers ([@R2]), a pan-RAS^MUT^ blocking agent, rather than an isoform-selective RAS^MUT^ inhibitor, is essential for effective treatment of diverse RAS^MUT^ cancer types and cells ([@R5]). Owing to the pan-RAS^MUT^ blocking activity, inRas37 manifested an antitumor activity in a subset of various RAS^MUT^ tumors in vitro and in vivo by inhibiting the most prominent downstream signaling---both MAPK and PI3K pathways---thereby highlighting the effectiveness of the RAS^MUT^--effector PPI blockade strategy for RAS^MUT^-dependent tumors. Among small-molecule inhibitors directly targeting RAS^MUT^ proteins, KRAS^G12C^-specific inhibitor ARS-1620 ([@R11]) and pan-RAS inhibitor 3144 ([@R47]) showed in vivo antitumor potency. However, the covalent KRAS^G12C^-specific inhibitors are limited only to patients with KRAS^G12C^ tumors, e.g., \~14 and \~7% of KRAS^MUT^ NSCLC and CRC cases, respectively ([@R48]). Although the pan-RAS 3144 compound bound to various RAS^MUT^ subtypes to inhibit the PPIs with RAF and PI3K, it did not strictly distinguish between the active and inactive forms of RAS^MUT^ and accompanied off-target binding activity, causing serious in vivo systemic toxicity ([@R47]). In contrast, the specificity of inRas37 for the active RAS form may account for the insignificant effects on RAS^WT^ tumors, which also means sparing the mouse CDX models from the systemic toxicity of inRas37. Accordingly, pan-RAS^MUT^ iMab inRas37 may have a broad therapeutic potential across tumor types harboring various RAS^MUT^ without toxicity to RAS^WT^ tissues.

By analyzing large panels of RAS^MUT^ cell lines and several CDXs, we noted that tumors dependent on RAS^MUT^ signaling without alternative activation pathways were strongly sensitive to inRas37. By contrast, RAS^MUT^ tumors with secondary mutations in downstream (e.g., PI3K^MUT^) or parallel (e.g., β-catenin^MUT^) pathways were not appreciably affected by inRas37, despite significant inhibition of p-ERK1/2 at a level similar to that of inRas37-sensitive KRAS^MUT^ tumors. This observation is in line with reports showing primary resistance of RAS^MUT^ tumors to a MEK inhibitor because of concurrent mutations in *PIK3CA* (PI3K) and/or *CTNNB1* (β-catenin) ([@R30], [@R49], [@R50]). The intrinsic resistance of PI3K^MUT^ and/or β-catenin^MUT^ CRC cells to inRas37 was overcome by combined treatment with a PI3K or β-catenin inhibitor, respectively. However, the combination did not show any synergistic effects on inRas37-sensitive cells. These results point to a therapeutic strategy for KRAS^MUT^/PI3K^MUT^ or KRAS^MUT^/β-catenin^MUT^ double mutant tumors, which represent \~5 to 10% and \~1% of all CRC, respectively ([@R51]).

Intriguingly, we found that inRas37 provoked up-regulation of transcriptional coactivator YAP1 as a compensatory response only in inRas37-sensitive tumors, but not in inRas37-resistant tumors. YAP1 suppression by a YAP1i substantially synergized with a low dose of inRas37 (5 mpk), even slightly regressing the inRas37-sensitive CDXs. These findings suggest that YAP1 overexpression is the adaptive resistance-inducing response of the KRAS^MUT^-dependent tumor to the KRAS^MUT^ blockade by inRas37, consistent with previous studies suggesting that KRAS^MUT^ depletion by a knockdown causes overexpression of YAP1 to bypass the loss of KRAS^MUT^ signaling in KRAS^MUT^-dependent CRC and pancreatic cancer cells ([@R42], [@R43]). KRAS and YAP1 signaling independently activates transcription factor FOS to regulate tumor survival and epithelial-mesenchymal transition in CRC and NSCLC ([@R43]). We demonstrated that the combination of inRas37 and YAP1i, but neither inRas37 nor YAP1i monotherapy, substantially inhibited FOS activation in CRC tumors, suggesting that simultaneous blocking of both KRAS^MUT^-FOS and YAP1-FOS signaling is necessary for effective treatment of KRAS^MUT^-dependent CRC tumors.

In summary, we engineered a pan-RAS inRas37 iMab that effectively inhibits in vitro and in vivo growth of RAS^MUT^-dependent tumors by blocking the PPIs with effector proteins and thereby suppressing downstream signaling. The significant antitumor effect of inRas37 as a single agent in RAS^MUT^-dependent CRC tumors suggests that the blockade of RAS^MUT^--effector PPIs may be an effective therapeutic strategy against RAS^MUT^-dependent CRC. Nonetheless, inRas37 alone was not sufficient for many other RAS^MUT^ tumors with alternative oncogenic mutations in the downstream and/or compensatory pathways; this problem can be overcome by the combination with a pharmacological inhibitor of the druggable mutant. Our results provide a promising pan-RAS--blocking antibody, inRas37, and the corresponding therapeutic strategy for RAS^MUT^ tumors.

MATERIALS AND METHODS
=====================

Study design
------------

No statistical method was used to predetermine sample size, but sample size was similar to sample sizes routinely used in the field. The investigators were not blinded to allocation during experiments. No samples or animals were excluded.

Reagents and antibodies
-----------------------

Chemical and protein reagents and antibodies used as reagents in this study are listed in table S5.

Protein expression and purification
-----------------------------------

Bacterial expression plasmids for KRAS^WT^ (amino acid residues 1 to 188), HRAS^WT^ (residues 1 to 189), NRAS^WT^ (residues 1 to 189), and their oncogenic mutants, subcloned in-frame into the pGEX-3X vector (GE Healthcare) to be expressed in the N-terminal glutathione *S*-transferase (GST)--fused form, were described before ([@R15]). The GST-fused proteins were expressed in *Escherichia coli* BL21 (DE3)plysE and purified on glutathione-Sepharose resin (GE Healthcare) as described elsewhere ([@R15]). The purified GST-fused RAS proteins were used in the ELISA and surface plasmon resonance (SPR) analysis. The N-terminal 8× His- and Avi-tag (GLNDIFEAQKIEWHE)--fused KRAS^G12D^ (residues 1 to 169) were prepared as described before ([@R15]) and were used for antibody library screening by fluorescence-activated cell sorting (FACS). Protein concentrations were determined with the Bicinchoninic Acid (BCA) Kit (Thermo Fisher Scientific) and by measuring absorbance at 280 nm. The RAS protein was loaded with the nonhydrolyzable GTP analog GppNHp (Sigma-Aldrich, G0635) or GDP (Millipore, 20-177), as described previously ([@R15]).

Generation of RT22 VH
---------------------

To increase the affinity of the VH for the active Ras·GTP form, we constructed heavy-chain (HC) libraries (VH library--CH1) with randomization of exposed residues of VH-CDR1 (residues 31 to 33) and VH-CDR3 (residues 95 to 97) of the RT11-i VH in single-chain Fab format by pairing with a fixed LC (CT03 VL-Cκ) using the yeast surface display technology, as described before ([@R15]). The targeted residues 31, 32, and 33 in VH-CDR1 were diversified using RNC (AG/ACGT/C), THC (T/ACT/C), and KSG (GT/CG/G) degenerate codons, respectively. The targeted residues 95, 96, and 97 of VH-CDR3 were randomized by means of hand-mixed spiked oligonucleotides, which were designed to randomly mutate each residue while retaining the parental amino acids at a level of \~50% at each residue ([@R15]). The randomized HC (VH library--CH1) fragment was assembled with the LC (CT03 VL-Cκ) via a G~4~S-based 63--amino acid linker by serial overlap extension polymerase chain reaction (PCR), generating a single-chain Fab library with a diversity of approximately 2.0 × 10^8^. The library was screened against a biotinylated GppNHp-loaded KRAS^G12D^∙(KRAS^G12D^·GppNHp) active form in the presence of a 10-fold molar excess of a nonbiotinylated GDP-loaded KRAS^G12D^ (KRAS^G12D^·GDP) inactive form as a soluble competitor on a FACSAria III instrument (BD Biosciences). We lastly isolated the Ras03 Fab with the engineered RT22 VH and CT03 VL (fig. S1).

Isolation of in4 cyclic peptide from a cyclic-peptide phage library
-------------------------------------------------------------------

The phage library was generated on the basis of the RGD10 peptide fused to the N terminus of the CT03 VL--g3p protein in the pComb3X phagemid vector using a primer containing a degenerate codon of NNK (ACGT/ACGT/GT), ARR (A/AG/AG), and GAN (G/A/ACGT) for randomization of the residues surrounding RGD by overlap extension PCRs, as previously described ([@R52]) and illustrated in fig. S2B. Polyacrylamide gel electrophoresis--purified primers supplied by Integrated DNA Technology (USA) were used in the PCR. For phage library panning, an immunotube (SPL Life Sciences, 43005) was coated with a soluble antigen (integrin αvβ5; R&D Systems) for 2 hours at 25°C and blocked with 3% skim milk in tris-buffered saline (TBS) \[50 mM tris-HCl (pH 7.4) and 137 mM NaCl\] for 1 hour at 25°C. After washing with wash buffer \[TBS (pH 7.4), supplemented with 2 mM CaCl~2~, 1 mM MgCl~2~, 1 mM MnCl~2~, and 0.05% Tween 20\], 10^11^ plaque-forming units of phages preincubated with a binding solution \[TBS (pH 7.4), supplemented with 2 mM CaCl~2~, 1 mM MgCl~2~, 1 mM MnCl~2~, and 3% skim milk\] were applied to the immunotube for 1-hour incubation at 25°C. After washing, bound phage particles were eluted with 0.1 M glycine buffer (pH 2.2) and neutralized with 1 M tris buffer (pH 9.0). These eluted phages were used to infect mid-log phase *E. coli* XL1-Blue cells and were reamplified by phage rescue. During the five rounds of panning, the immobilized integrin αvβ5 amount was reduced (5, 3, 2, 1, and 1 μg), and washing frequency was increased (3, 5, 10, 15, and 25 times). To evaluate affinity for human integrin αvβ5, individual clones, in cyclic peptide--fused CT03 VL format, were inoculated into each well of a 96-well tissue culture plate and grown at 37°C and 250 rpm for 5 hours. Isopropyl-β-[d]{.smallcaps}-1-thiogalactopyranoside (1 mM final concentration) was added into each well and incubated at 30°C and 120 rpm for 16 hours. The supernatant containing cyclic peptide--fused CT03 VL was obtained via three cycles of freezing and thawing and was directly subjected to an ELISA. A horseradish peroxidase--conjugated anti-hemagglutinin antibody (Roche) was used for the detection of bound clones using a 3,3′,5,5′-tetramethylbenzidine--ELISA solution (Thermo Fisher Scientific). Each clone was compared with a parent clone (carrying RGD10), and the in4 peptide was eventually selected in terms of the best binding affinity and specificity, as presented in fig. S2B.

Construction of antibody-expressing plasmids
--------------------------------------------

The isolated RT22 VH gene was subcloned in-frame, without additional amino acids, at Not I/Apa I sites of pcDNA 3.4--RT11-HC carrying the human IgG1 constant-domain sequence (CH1-hinge-CH2-CH3) with a mutation of CH3 at three sites (L234A, L235A, and P329G) for HC expression. For LC expression, the CT03 VL gene was subcloned in-frame, without additional amino acids, at Not I/Bsi WI sites of pcDNA 3.4--TMab4-LC carrying the human κ constant domain sequence (residues 108 to 214). For LC expression of integrin αvβ5/αvβ3--targeting cyclic peptide--fused antibodies, the synthesized DNA encoding the cyclic peptides (RGD10 and in4) and a six--amino acid linker (MGSSSN) was subcloned in-frame, without additional amino acids, at the N terminus of CT03 VL via the Not I/Bsi WI sites of pcDNA 3.4--CT03-LC. All the constructs were confirmed by sequencing (Macrogen, Korea).

Expression and purification of antibodies
-----------------------------------------

The plasmids encoding HC and LC were transiently cotransfected in pairs, at equivalent molar ratios, into cultured HEK293F cells in the FreeStyle 293F medium (Invitrogen) following the standard protocol ([@R22]). Culture supernatants were collected after 6 to 7 days by centrifugation and filtration (0.22 μm, polyethersulfone; Corning, CL S43118). Antibodies were purified from the culture supernatants on a protein A--agarose chromatographic column (GE Healthcare) and were extensively dialyzed to achieve the final composition of histidine buffer \[25 mM histidine (pH 6.5) and 150 mM NaCl\]. The anti-HER2 monoclonal antibody trastuzumab (Herceptin) and anti--tumor necrosis factor--α monoclonal antibody adalimumab (Humira) were produced and purified. Before cell treatments, the antibodies were sterilized by means of a cellulose acetate membrane filter (0.22 μm; Corning) and Mustang Q membrane filter (0.8 μm; Pall, MSTG25Q6). Antibody concentrations were determined with the BCA Kit and by measuring the absorbance at 280 nm ([@R22]).

High-performance liquid chromatography
--------------------------------------

Size exclusion chromatography (SEC) analyses were performed on the Agilent 1100 high-performance liquid chromatography (HPLC) system with a Superdex 200 10/300 GC column (10 mm × 300 mm; GE Healthcare) and by SMAC on a Zenix SEC-300 (7.8-mm internal diameter × 300 mm) HPLC column (Sepax Technologies). Unless specified otherwise, 20 μg of an antibody (20 μl, 1 mg/ml) was injected into the Superdex 200 column equilibrated with 12 mM sodium phosphate buffer (pH 7.4; containing 500 mM NaCl and 2.7 mM KCl) as running buffer at a flow rate of 0.75 ml/min (Superdex 200) or into the Zenix SEC-300 column equilibrated with 150 mM sodium phosphate buffer (pH 7.0) as running buffer at a flow rate of 1 ml/min. Chromatograms were obtained by monitoring absorbance at 280 nm. In SEC analysis on the Superdex 200 column, the molecular mass of antibodies was estimated by calculating elution time from a calibration curve built using standard molecular mass markers (thyroglobulin, 669 kDa; β-amylase, 200 kDa; alcohol dehydrogenase, 150 kDa; bovine serum albumin, 66 kDa; Sigma-Aldrich, MWGF1000). In SMAC analysis on the Zenix SEC-300 column, trastuzumab served as a control.

Surface plasmon resonance
-------------------------

Kinetic interactions between antibodies and RAS were measured at 25°C on a Biacore 2000 SPR instrument (GE Healthcare) exactly as described before ([@R15]). The binding data were normalized by subtracting the response of a blank cell and then were globally fitted in the BIAevaluation software to obtain kinetic interaction parameters.

Biolayer interferometry
-----------------------

The kinetic interactions of either integrin ανβ5 or integrin ανβ3 with either RGD10- or in4-fused antibodies were monitored at pH 7.4 or 6.0 using the Octet QKe System (ForteBio). All kinetic experiments were conducted at 30°C with orbital shaking at 1000 rpm in 200 μl in 96-well black flat-bottom plates (Greiner Bio-One). All the reagents were diluted with pH 7.4 binding buffer \[TBS (pH 7.4), supplemented with 2 mM CaCl~2~, 1 mM MgCl~2~, 1 mM MnCl~2~, and 0.02% Tween 20\] or pH 6.0 binding buffer \[25 mM histidine (pH 6.0), supplemented with 2 mM CaCl~2~, 1 mM MgCl~2~, 1 mM MnCl~2~, and 0.02% Tween 20\]. Anti-human IgG Fc capture biosensors (ForteBio) were equilibrated for 10 min in binding buffer. After an equilibrium was reached, the biosensors were loaded for 1 min with RGD10- or in4-fused antibodies (2 μg/ml; RT11-i, inRas37, or inCT37). Then, a 30-s baseline in binding buffer was established before association for 5 min in a range of indicated concentrations of integrin αvβ3 or integrin αvβ5. Dissociation of the binding was then monitored for 8 min for integrin αvβ3 and for 15 min for integrin αvβ5 in binding buffer with the respective pH. For all the experiments, an empty reference sensor without integrin ανβ3 or integrin ανβ5 was used to take into account nonspecific binding of the analyte to the sensor. All the data were globally fitted via the 1:1 Langmuir binding model in the Octet Data Analysis Software, version 11.0 (ForteBio).

Enzyme-linked immunosorbent assay
---------------------------------

Binding specificity of antibodies to antigens \[GST-fused protein (RAS wild-type or mutants) loaded with GppNHp or GDP\] was determined by ELISA, as described before ([@R15]).

Cell lines
----------

The human cell lines, colorectal carcinoma H747, LS513, LS1034, LS174T, SW403, SW480, SW620, SW1116, DLD-1, LoVo, SNU-61, SNU-81, SNU-175, SNU-407, SNU-503, SNU1033, SNU-C2A, HCT8, HCT15, HCT116, Colo320DM, Caco-2, and HT29 cells; lung carcinoma Calu-1, Calu-3, Calu-6, H358, H441, H460, H522, H1299, H1650, H1792, H2009, H2030, HCC44, HCC827, HCC2108, SK-LU-1, and A549 cells; melanoma SK-MEL-2 cells; bladder carcinoma T24 cells; acute monocytic leukemia THP-1 cells; Burkitt's lymphoma Raji cells; and chronic myeloid leukemia K562 cells were purchased from the Korean Cell Line Bank and maintained in the RPMI 1640 (HyClone). Human breast Hs578T cell lines from the Korean Cell Line Bank were maintained in Dulbecco's modified Eagle's medium (HyClone). All cells were cultured in a growth medium that was supplemented with 10% of heat-inactivated fetal bovine serum (FBS) (HyClone, Seoul, Korea), penicillin (100 U/ml), streptomycin (100 μg/ml), and amphotericin B (0.25 μg/ml; HyClone). All cell lines were authenticated by DNA short tandem repeat profiling (ABION CRO, Korea) and used within 10 passages. All cell lines were maintained at 37°C in a humidified 5% CO~2~ incubator and were routinely screened for *Mycoplasma* contamination (CellSafe, Suwon, Korea). Genetic alterations in cancer cell lines were analyzed using public databases, including COSMIC ([@R34]) and CCLE ([@R33]).

Flow cytometry
--------------

Cell surface expression of integrin αvβ3 and integrin αvβ5 was determined by flow cytometry after indirect immunofluorescent labeling of cells with an anti-mouse IgG antibody conjugated with Alexa Fluor 488 and either the mouse anti-human integrin αvβ3 antibody (R&D Systems) or the mouse anti-human integrin αvβ5 antibody (R&D Systems). To examine the binding of cyclic peptide--fused antibodies to integrin-expressing cells, the cells were incubated with one of the antibodies (20 nM) in a blocking solution \[TBS (pH 7.4), supplemented with 2 mM, CaCl~2~, 1 mM MgCl~2~, 1 mM MnCl~2~, and 1% FBS\] for 1 hour at 4°C and then stained with the Alexa Fluor 488--conjugated goat anti-human IgG antibody for 30 min at 4°C. After washing with the ice-cold blocking solution, the cells were analyzed on the FACSCalibur flow cytometer (Becton Dickinson). Data analysis---to quantify changes in the surface expression levels of the respective receptors---was performed in the FlowJo v10 software (Tree Star). Relative expression levels were calculated as follows: relative expression = (MFI of integrin ανβ3 or integrin ανβ5)/(MFI of isotype control), where MFI is the mean fluorescence intensity. An integrin β5 knockdown was implemented with two small interfering RNAs specific for integrin β5; they were synthesized by Bioneer Co. (Korea). Cells (5 × 10^5^ per well in a six-well plate) were transfected with a mixture of integrin β5 small interfering RNAs (100 nM) using Lipofectamine RNAiMAX (Invitrogen) and incubated for 48 hours before analysis ([@R53]).

Western blotting
----------------

To evaluate the inhibitory effect of inRas37 on RAS downstream signaling, various cells (10^5^ cells per well) were seeded in 24-well ultralow attachment plates (Corning) in media containing 10% FBS. The cells were cultured for 24 to 48 hours until they formed spheroids with a diameter of 100 to 150 μm. Then, the spheroids were starved in media containing 1% FBS for 6 hours at 37°C, treated with the various agents (an antibody and/or the pharmacological inhibitor) for another 12 hours at 37°C, and then were stimulated with EGF (10 ng/ml) for 10 min before cell lysis. To evaluate the inhibitory effect of the combination of inRas37 with the PI3K or YAP1i, spheroids were treated twice (at 0 and 48 hours) with inRas37 (2 μM), inCT37 (2 μM), copanlisib (50 nM), or verteporfin (2.5 μM) as a single agent or as the indicated combination during 54-hour cultivation in media containing 1% FBS. The resultant spheroids were washed and then stimulated with EGF (10 ng/ml) for 10 min. Western blotting was performed with specific antibodies following a standard procedure (see table S5 for primary and secondary antibodies) ([@R22], [@R54]). For quantification of the Western blotting data, band intensities were determined in the ImageJ software (National Institutes of Health, MD) and normalized to values of the corresponding β-actin loading control. The phosphorylation levels of proteins were normalized to the total levels of each protein, equivalently loaded on gels for SDS--polyacrylamide gel electrophoresis ([@R53]). Relative band intensity was expressed as a percentage of the value from the corresponding control ([@R53]). To quantify the internalized amount and cellular uptake efficiency of an antibody (inRas37 and RT11-i), quantitative Western blotting was performed essentially as described before ([@R15], [@R18], [@R26]), and the details are also described in table S3.

Cytosolic split-GFP complementation assay
-----------------------------------------

To estimate the cytosolic localization of antibodies, an enhanced split-GFP complementation assay was performed as previously described ([@R18], [@R26]). RT11-i-GFP11-SBP2, inCT37-GFP11-SBP2, inRas37-GFP11-SBP2, and inRas37-AAA-GFP11-SBP2 antibodies were prepared by coexpression of the respective GFP11 (residues 215 to 230)--SBP2 \[streptavidin (SA)--binding peptide 2\]--fused HC and its cognate LC in HEK293F cells, as described above. HeLa and SW480 cells stably expressing SA-fused GFP1 to GFP10 (residues 1 to 214) were generated as described before ([@R18], [@R26]) and designated as HeLa-SA-GFP1--GFP10 and SW480-SA-GFP1--GFP10 cells, respectively. These cells (2 × 10^4^ cells per well), grown in black 96-well culture plates (SPL Life Sciences, 30296), were incubated at 37°C for 6 hours with one of the antibodies (0.1, 0.5, or 1 μM) in 50 μl of the medium. After washing with phosphate-buffered saline (PBS) to get rid of the autofluorescence of phenol red from the culture media, 50 μl of PBS was added into each well. The complemented GFP signals from cells were measured on a Cytation 3 multimode reader (BioTek, USA). The intact GFP was purified from *E. coli*, as described before ([@R26]). To construct a GFP fluorescence standard plot with known amounts of intact GFP, various amounts (0 to 0.5 ng) of the purified intact GFP were diluted twofold and added into wells of the same 96-well plate in 50 μl of PBS. GFP fluorescence intensity was read at 528 nm after excitation at 485 nm. The cytosolic amount and cytosolic concentration of iMabs were estimated via the formula described in detail elsewhere ([@R26]).

Confocal immunofluorescence microscopy
--------------------------------------

Cellular internalization and localization of antibodies in cultured cells were studied by confocal microscopy ([@R22], [@R26]). Briefly, cells (5 × 10^4^) that were grown on coverslips with a 12-mm diameter in 24-well culture plates were treated with various antibodies, as specified in the figure legends. Nonadherent cell lines (2 × 10^5^ cells) were grown on the coverslips with the 12-mm diameter that were precoated with poly-[l]{.smallcaps}-lysine (Sigma-Aldrich, P8920). After two washes with PBS, the cells were washed two times for 30 s at 25°C with low-pH glycine buffer \[200 mM glycine and 150 mM NaCl (pH 2.5)\], followed by two additional washes with PBS to remove nonspecifically surface-bound antibodies ([@R22]). After fixation with 4% paraformaldehyde in PBS for 10 min at 25°C, permeabilization with 0.1% Triton X-100 in PBS was allowed to proceed for 10 min at 25°C, followed by blocking with 2% bovine serum albumin in PBS for 1 hour at 25°C. Internalized antibodies were detected with the Alexa Fluor 488--conjugated goat anti-human IgG antibody (Invitrogen) for 1 hour at 25°C. RAS proteins were detected with the rabbit anti-RAS antibody (Abcam) and, subsequently, with the tetramethylrhodamine-conjugated anti-rabbit antibody (Sigma-Aldrich) for 1 hour at 25°C. The nuclei were stained with Hoechst 33342 in PBS for 5 min at 25°C. After mounting of the coverslips onto glass slides with the Fluorescence Mounting Medium (Dako), center-focused single--z-section images were captured on a Zeiss LSM 710 system with ZEN software (Carl Zeiss).

IP and target engagement assay
------------------------------

IP experiments were conducted with endosome-depleted cell lysates to exclude any possibility of IP by antibodies released from endosomes during cell lysis, as described before ([@R15]). SW480 cells (10^8^ per well in a 100-mm dish) were treated with PBS or various antibodies at 2 μM for 12 hours at 37°C. The endosome-depleted fractions were prepared by the removal of early and late endosomes from the cell lysates by density gradient centrifugation ([@R15]). The removal of endosomal fractions from the whole-cell lysates was assessed by monitoring Rab5, an early endosome marker ([@R22]). To measure target engagement, the endosome-depleted cell lysates were then subjected to IP for 2 hours at 4°C with cRAF~RBD~-immobilized agarose beads (Merck Millipore) to pull down active GTP-bound RAS proteins. The complexes were next washed with lysis buffer, and equal amounts of the precipitates were analyzed by Western blotting ([@R53], [@R54]). The percentage of target engagement was calculated according to the following formula: TE (%) = 100 × \[1 − (KRAS~ip~^inRas37^/KRAS~input~^inRas37^)/(KRAS~ip~^inCT37^/KRAS~input~^inCT37^)\], where KRAS~ip~ is the KRAS band intensity after the pulldown with cRAF~RBD~ and KRAS~input~ is the KRAS band intensity of input control in the inRas37- or inCT37-treated group.

Spheroid proliferation assay
----------------------------

Various cells (10^3^ per well) were seeded in 96-well ultralow attachment round-bottom plates (Corning, 7007) in media containing 1% FBS. The cells were cultured for 24 hours to form spheroids (typically \~100 to 120 μm in diameter) and then treated three times (at 0, 48, and 96 hours) with various concentrations of an antibody and/or the pharmacological inhibitor (copanlisib, afatinib, ponatinib, iCRT14, or verteporfin) during 6-day cultures in media containing 1% FBS, as specified in the figure legend. Cell viability was measured in the CellTiter-Glo assay (Promega). The luminescence was measured by means of the Cytation 3 multimode reader (BioTek). IC~50~ values were estimated by fitting the normalized dose-response data to a nonlinear sigmoidal curve in GraphPad Prism 5 software ([@R40]).

Intracellular KRAS^G12V^-cRAF~RBD~ interaction inhibition assay
---------------------------------------------------------------

The ability of inRas37 to interrupt physical interactions between activated KRAS and effector proteins in live cells was evaluated by analyzing the subcellular localization of the eGFP-tagged cRAF~RBD~ protein in KRAS^G12V^-harboring SW480 cells, as described elsewhere ([@R15]). To construct a plasmid encoding the eGFP-fused cRAF~RBD~ protein, cRAF~RBD~ (residues 51 to 220) was inserted at the C terminus of eGFP in pEGFP-C2 (Clontech). SW480 cells were transfected with the eGFP-cRAF~RBD~--expressing plasmid using Lipofectamine 3000 (Invitrogen). After three passages involving selection with G418 (3 mg/ml), the cells were treated with antibodies at the various doses for 12 hours at 37°C in serum-free media. After two washes with PBS, the cells were fixed with 4% paraformaldehyde in PBS for 10 min at 25°C. After staining of nuclei with Hoechst 33342 in PBS for 5 min at 25°C, center-focused single--z-section images were captured by confocal microscopy, as described above ([@R26], [@R54]).

Animal experiments
------------------

All animal experiments were approved by the Animal and Ethics Review Committee of Ajou University and were performed in accordance with the guidelines established by the Institutional Animal Care and Use Committee. The approval ID for the use of the animals was no. 2017-0007 (the Animal Core Facility of Ajou University). For tumor xenograft models, 4-week-old female BALB/c athymic nude mice (Orient Bio, Korea) weighing 15 to 17 g were subcutaneously injected into the right thigh with SW480 (5 × 10^6^ cells per mouse), LoVo (2 × 10^6^ cells per mouse), LS513 (10^7^ cells per mouse), SW1116 (10^7^ cells per mouse), H747 (10^7^ cells per mouse), SW403 (10^7^ cells per mouse), HCT116 (5 × 10^6^ cells per mouse), or Colo320DM cells (5 × 10^6^ cells per mouse) in 150 μl of a 1:1 mixture of PBS and Matrigel (Corning, 354234). When the mean tumor volume reached approximately 100 to 120 mm^3^, the mice were randomly assigned to treatment groups, and an antibody or a vehicle control {Histidine buffer \[25 mM histidine (pH 6.5) and 150 mM NaCl\]}, as specified in the figure legend, was administered via the tail vein, in a dose/weight-matched manner. Copanlisib (AdooQ BioScience) was dissolved in 5% mannitol (vehicle) and administered via the tail vein at 10 mpk twice a week. Verteporfin (Sigma-Aldrich) was dissolved in PBS containing 10% dimethyl sulfoxide and was administered intraperitoneally at 25 mpk twice a week. Tumor volume and body weight were recorded at regular intervals until tumors reached approximately 1000 mm^3^, at which point the mice were euthanized. Tumor volume (*V*) was evaluated using digital calipers and was estimated by means of the formula *V* = *L* × *W*^2^/2, where *L* and *W* are the long and short dimensions of a tumor, respectively ([@R54]). TGI by inRas37 compared to that by inCT37 was determined on the last day of the study according to the formula TGI (%) = \[100 − (*V*~f~^inRas37^ − *V*~i~^inRas37^)/(*V*~f~^inCT37^ − *V*~i~^inCT37^) × 100\], where *V*~i~ is the initial mean tumor volume in the inRas37 or inCT37 treatment group and *V*~f~ is the final mean tumor volume in the inRas37 or inCT37 treatment group, as indicated by the superscripts ([@R15]). The mice were euthanized by CO~2~ asphyxiation, and some tumors and livers were excised for histological analysis, as described before ([@R15]). Hematoxylin and eosin staining of liver tissues was performed, as described previously ([@R16]). PK experiments on mice and biodistribution imaging in vivo were performed, as previously described ([@R15], [@R54]).

PK experiments on mice
----------------------

Female BALB/c nude mice (\~4 weeks old) without tumor or with LoVo tumor xenografts (initial tumor volume = 120 mm^3^) received a single injection (at 20 mpk) of various antibodies in a total volume of 200 μl via the tail vein. At the time points 30 min and 1, 4, 8, 12, and 24 hours and on days 2, 4, and 7, blood samples were taken from the tail vein or retro-orbital sinus of CO~2~-anesthetized mice (*n* = 3 per time point). Concentrations of the antibody in the serum samples were determined by an ELISA, as described elsewhere ([@R15]). For comparison, the first value (at 30 min) was set to 100%. PK parameters \[distribution phase serum half-life (*T*~1/2~α) and elimination phase serum half-life (*T*~1/2~β)\] were calculated by two-phasic nonlinear regression analysis in the GraphPad Prism software ([@R15], [@R54]). For the analysis of the PK-PD relation in SW480 xenograft tumor--bearing mice, inRas37 serum concentration and the percentage down-regulation of p-ERK1/2 and p-AKT at TGI 80% were interpolated by means of a four-parameter logistic equation in GraphPad Prism.

Biodistribution imaging in vivo
-------------------------------

Antibodies were conjugated with DyLight 755 and purified with the DyLight 755 Antibody Labeling Kit (Thermo Fisher Scientific) in accordance with the manufacturer's specifications ([@R15]). LoVo (2 × 10^6^ cells per mouse) and/or Raji (10^7^ cells per mouse) cells in 150 μl of a 1:1 mixture of PBS and Matrigel were injected subcutaneously into the thigh of BALB/c athymic nude mice. When the mean tumor volume reached approximately 200 mm^3^, DyLight 755--labeled antibodies (20 μg) were injected into the mice through the tail vein. Before imaging, the mice were anesthetized with 1.5 to 2.5% isoflurane (Piramal Critical Care). The whole-body distribution profiles of the antibodies were determined via in vivo fluorescence using an IVIS Lumina XRMS Series III instrument (PerkinElmer) at various time points. After the final scan, tumor tissues and normal organs were excised and imaged ex vivo. To reduce the effects of a tissue autofluorescence background, manual spectral unmixing was performed, and the fluorescence intensity of an identically sized region of interest was then quantified by radiant efficiency \[photons/(s·cm^2^·steradian) per μW/cm^2^\] in the Living Image Software (PerkinElmer).

Combination synergy analysis
----------------------------

For in vitro combination synergy analysis, the CI from the Chou-Talalay method was calculated in the CompuSyn software (ComboSyn) ([@R55]). The CIs at IC~50~ during either single or combination treatment were used. CI \< 0.75 meant a synergistic effect, 0.75 ≤ CI ≤ 1 denoted an additive effect, and CI \> 1.25 meant an antagonistic effect. In vivo combination synergy analysis was carried out via the Bliss independence model ([@R40], [@R56]). The expected additive response tumor volume (*V*~Exp~) for the combination group was defined as follows: *V*~Exp~ = (*V*~1~ × *V*~2~)/*V*~C~, where *V*~1~ and *V*~2~ are the mean tumor volumes in the single-agent groups and *V*~C~ is the mean volume in the control group. The control group tumor volume change from baseline was defined as Δ*V* = *V*~C~ − *V*~0~. Then, an additive range around the *V*~Exp~ was defined, via upper and lower limits, as *V*~ExpU~ = min(2 × *V*~Exp~, *V*~Exp~ + 0.15 × Δ*V*) and *V*~ExpL~ = max(*V*~Exp~/2, *V*~Exp~ − 0.15 × Δ*V*). *V*~Obs~ \< *V*~ExpL~ meant a synergistic effect, *V*~ExpL~ ≤ *V*~Obs~ ≤ *V*~ExpU~ indicated an additive effect, and *V*~Obs~ \> *V*~ExpU~ or *V*~Obs~ \> *V*~1~ and *V*~2~ denoted an antagonistic effect, where *V*~Obs~ is the observed mean tumor volume in the combination group.

Immunofluorescence microscopy of tumor tissues
----------------------------------------------

This analysis of the tumors excised from mice was performed using a Zeiss LSM 710 system (Carl Zeiss), as described before ([@R15]). The primary and secondary antibodies for this experiment are listed in table S5. Apoptotic cells were detected by a standard TUNEL assay using the DeadEnd Fluorometric TUNEL System (Promega). In the fluorescence images acquired from each tissue sample, the fluorescence intensity and number of positively stained cells were quantified using the ImageJ software and presented as relative staining (%) compared to that of the PBS-treated control.

Statistical analysis
--------------------

Data are represented as the means ± SD of triplicate samples from one representative experiment from at least three independent experiments, unless otherwise specified. Comparisons of data from tests and controls were analyzed for statistical significance by unpaired two-tailed Student's *t* test. One-way analysis of variance (ANOVA) with the Newman-Keuls multiple-comparisons post hoc test was performed by means of GraphPad Prism to determine the significance of data from in vivo tumor growth experiments. Data with a *P* value of less than 0.05 were considered significant.
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